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s | Challenge Addressed and Project Objectives

Challenge Addressed:

A Safety regulatory requirements for the production, distribution, and use of liquefied
natural gas (LNG) should be based on a sound technical basis, including validated
software for risk and consequence modeling

Overall Project Objective:

A Sandia National Laboratories (Sandia) will engage in analytical studies,
computational modeling, quantitative risk assessments, advanced technology
assessments, and systems engineering research, development and demonstrations
In support of the U.S. Department of Transportation (DOT) Pipeline and Hazardous
Materials Safety Administration (PHMSA) objective to enhance the safety, regulation,
production, distribution, and use of Liquefied Natural Gas (LNG).
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Task Objective, Budget, and Scope

Task 1: LNG Modeling Obijective:

A

Sandia will provide reduced -order models that characterize natural gas releases from pressurized
systems. This specifically includes characterizing the resulting jet plume from liquefied natural gas
releases that may include gaseous, liquid, or mixed -phase flow. The characterization models will be
capable of estimating unignited jet plume extent and concentration, as well as ignited jet flame heat
flux and temperature. The models will be available as open source code, as well as within a

graphical user interface that can run quickly on standard computing resources.

Task 1 Deliverable:

A

A

Sandia will provide open source reduced -order LNG Models with graphical user interface,
downloadable from Sandia GitHub

Sandia will provide documentation on model operations and assumptions, including algorithm and
user guide

Task Funding: $129k




Modify existing software: Hydrogen Risk Assessment Models (HYRAM)
A These reduced -order engineering models were originally based on gaseous hydrogen

A Efforts through other projects were adding ability to model liquid hydrogen (DOE HFTO)
and CNG/propane (DOE VTO)

A This project would focus on adding ability to assess LNG risk and model LNG

consequences
Modify consequence models:

A Modify source code to utilize cryogenic methane as a proxy for LNG

A Validate modified source code models with experimental data in literature
Modify risk models:

A Modify leak frequencies based on LNG -specific data

I
s | Approach m
|

A Risk assessment also utilizes consequence models



Overview of HYRAM+ Risk
Assessment and Consequence
Models
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s | Overview of Risk Calculations in HYyRAM+

f Component Leaks
¥ Dispenser Failures




Random Releases Dispenser Failures (100% leak size only)
A Frequency of leaks of size k for i different A (slightly) more complicated fault tree
components: _ _
A O - B o Overall leak frequencies can also be input

" directly

5 leak sizes, 9+ component types

I
Leak Frequencies s Fault Tree m

A 0.01%, 0.1%, 1%, 10% 100% of pipe flow area

0.01% Leak

OR I

Compressor Cylinder Valve Instruments Joints Hoses Pipes Filters Flange Componentl) [Component2
0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak 0.01% Leak




10 | Overview of Risk Calculations in HYyRAM+

¥ Detection/Isolation
¥ Ignition Probabilities

Outcomes




11 | Leak Outcomes s Event Tree

Probabilities on what could happen given a leak
A 4 outcomes possible

Leak detection and isolation credit is single input (0.9 default)

Immediate and delayed ignition probabilities as a function of flow rate

(calculated)
Leak Detected
and Isolated

*  No Ignition

| Immediate
Ignition
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Ignition Probabilities

Based on historical ignition probability data for methane (Cox, Lees, & Ang)

Modified for hydrogen:
A Reduce leak flow ranges by a factor 8
A Allowing for differential molecular weight CH
A Increase ignition probabilities by 16%

A Allowing for the ratio of the flammable range of H , vs CH,
A Allowing that 15 -75 vol% constitutes only 16% of total cloud size above lower flammability limit (from modeling)

A Assume immediate to delayed ignition probabilities are 2:1
A Total ignition probability is immediate and delayed probabilities added together

4 VS H,, which directly affects the size of flammable cloud

o

HyRAM+ software GUI will notify users that default H2 ignition probabilities should be

modi fied when 3met hanei | s selected as fuel type
Original Hydrocarbon Ignition Probabilities Estimated Hydrogen Ignition Probabilities I
RELEASE RELEASE GAS CRUDE CLASS1I CLASS CLASS I
c AIT{EA(E(P:;)RY I({li;i? LEAK 11 11 H, Rele-::_s;ﬂe ﬁ}%jle (kg/s) | P(Imme gi‘;tgglgnitiﬂn} P[:Dela}';e&ignitinn}
N | g
Small <1 0.010 0.010 0.006 0.004 0.002 0. ]%Sﬁ 1!‘_'-5.._5 ggga g?;g}
Large 1 -50 0.070 0.030 0.018 0.012 0.007 s - _
Massive > 50 0.300 0.080 0.049 0.031 0.018 A. V. Tchouvel ev, iKnowl edge gaps in hydfogel

Energy Agency Hydrogen Implementing Agreement Task 19, Tech. Rep., January 2008.



13 | Overview of Risk Calculations in HYyRAM+

¥ Physical Harm
f Fatality Probability

Consequences




I
14 ‘ Thermal Harm from Jet Fire Heat Flux m

Based on Jet Flame Physics model
Determines heat flux from leak at every occupant point
A For each leak size
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15 | Overpressure Harm s Basic Inputs

Peak overpressure and impulse are specified for each leak size
A User must determine values themselves or use defaults

These values are applied to each occupant position
A Regardless of distance away from leak

Units: ||:|n‘-:| ~

0.01% Leak 0.1% Leak 1.0% Leak 10% Leak 100% Leak
2500.0000 2500.0000 5000.0000 16000.0000 30000.0000
0.0000 0.0000 0.0000 0.0000 0.0000

Wariable

Peak Overpres...

Impulse

Models to calculate overpressure and impulse
to be incorporated into risk calculations soon!



s 1 Overpressure Harm s Unconfined Overpressure

A Based on Unconfined Overpressure model
A Uses information from unignited jet plume

A Multiple overpressure models to choose

Width (m)

Coming in HyRAM v4.1
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17 | Thermal Fatalities sThermal Probit Models

For each occupant,

Calculation of probability of a fatality ( P(fatality)) based on probit value (Y):
ADCQHO OO UED aa@@d vuvh p)

Calculated from Thermal Dose Unit ( V) based on heat flux ( 1) and exposure time ( t):
Ao 0o

Eisenberg * ® oy cd® bl

Tsao & ® o®Y c® bl
Perry
TNO ® OROC®OIw |
Lees W c@c phim w
* default

Ethan S. Hecht and Brian D. Ehrhart. Hydrogen Plus Other Alternative Fuels Risk Assessment Models
(HyRAM+) Version 4.0 Technical Reference Manual . SAND2021-14813. November 2021.



https://doi.org/10.2172/1832082

Overpressure Fatalities s Overpressure Probit Models

For each occupant,

Calculation of probability of a fatality ( P(fatality)) based on probit value (Y):
ADCQHO OO UED aa@@d vuvh p)

Based on peak overpressure ( P, and impulse (i):

Eisenberg z Lung ® X® oBop 0
Hemorrhage
HSEz Lung Hemorrhage ® vpo P X p
TNO z Head Impact . O TUTO
< P ® uv U8 b (C pQ )
TNO z Structure Collapse * i TTT 0]
® v T® g ( )1 <_QT
Ethan S. Hecht and Brian D. Ehrhart. Hydrogen Plus Other Alternative Fuels Risk Assessment Models * defaUIt

(HyRAM+) Version 4.0 Technical Reference Manual . SAND2021-14813. November 2021.



https://doi.org/10.2172/1832082

19 | Overview of Risk Calculations in HYyRAM+

f Potential Loss of Life
Risk Metrics ¥ Fatal Accident Rate
¥ Average Individual Risk




Potential Loss of Life (PLL [fatalities/year]) for n scenarios:

A 000DB "Qw

A Each scenario is a leak size/outcome combo (e.g., 1% leak size resulting in a jet fire)
Fatal Accident Rate (FAR [fatalities/100 million hours])):

A "00 'Y

A 0 isthe number of people in the population considered
Average Individual Risk (AIR [fatalities/year per person]):

A 60OYO "00'Ypm

A "Ois the number of exposed hours per year

Can also calculate cut sets (expected leaks for each component, branch line probabilities, etc.)

I
20 | Overall Risk Metrics m
I



21 | Additional HyRAM+ capabilities

Ol A=A f Unignited Plume
Models f Accumulation




22 | Physics Models s Jet Plume Dispersion

1-D Reduced Order Model

Leak size, conditions; surrounding environment 0.099
] Mole Fraction of Leak 0.088
Useful for concentration contours 100 N
0.75 White contour is at 0.05 0.077
0.50 0.066 3
0.25 =]
” —0.25 0.044 g'
—-0.50
0.033
—-0.75
~1.00 0.022
x (m) 0.011 I
0.000
> X
X |



2s | Physics Models s Overpressure/Accumulation

Overpressure [kPa]
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1-D accumulation model of a leak inside an
enclosure

/— floor ceiling area

. . ] Ceiling vent 4
A Tracks concentration of plume and uniform layer discharge coeficient| NY
B
Assumes ceiling layer is uniform concentration enclosure height Q la)fer(assumedm;iform)
Flammable mass for plume and layer based on ceiling vent hefoht . P
upper and lower flammability limits '

Overpressure is peak overpressure if
plume/layer were to ignite after some delay

A Not an overpressure history plot
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Modification and Validation of
Risk and Consequence Models
for LNG (Liquid Methane)




25 1 Validation with Cryogenic Methane Releases

Prior work done for DOE VTO (2018)

Data collected from Raman scattering images of liquid and near liquid methane

Measured methane concentrations compared to empirical relationships for warm gas

releases

A In agreement in terms of centerline concentration decay rate, self

half -width decay rate

dnez Phez Troz | Nheights | Texit Pexit Pexit Vexit
(mm) | (barwws) | (K) (K) | (barass) | (kg/m?) | (mis)
1.00 |2.0 128 1 112 1.07 1.93 272
1.00 | 2.0 179 6 163 1.08 1.38 323
1.00 |20 187 1 160 1.08 1.32 330
1.00 |20 219 1 188 1.08 1.12 358
1.00 | 5.0 139 5 125 2.63 453 280
1.00 | 6.0 147 6 128 3.22 5.36 282
1.25 [ 2.0 164 o 140 1.08 1.52 308
125 |25 126 11 115 1.31 2.38 274
125 | 3.0 129 6 117 1.57 2.82 276
1.25 | 4.0 133 11 121 2.09 3.69 278
125 |5.0 137 6 125 2.61 4.55 280
125 | 6.0 143 7 128 3.16 5.38 282
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Leak frequencies are uncertain but necessary for risk analysis

A Per-component annual leak frequencies can be applied broadly to facilities
of different sizes and types

A Can propagate leak frequencies through risk models to predict the
frequency of risk -significant events

A Many sources of uncertainty affect our ability to estimate leak frequencies

Aleatory uncertainty Epistemic uncertainty Bias: from detection (larger
Inherent variation between lack of data for new leaks are easier to detect),
the designs, materials, systems, lack of reporting reporting requirements
maintenance, operating or inconsistent reporting

conditions, ages, etc. of for existing systems,

different components measurement errors

Prediction model should include state -of-knowledge uncertainties that may be reduced
over time with more data, but should also include the within -population variation




